Abstract
Introduction
An ideal controller requires an exact model of physical systems to achieve favorable control performance [1] . But it is quit hard for designer to establish an exact model. So there usually exist some uncertainties between models and physical systems. Even more, in most practical control systems, besides the uncertainty, failures (including failures of sensors, actuators, and even the plant itself) may occur at uncertain time and the size of a fault is also unknown [2] . The faults may lead to performance deterioration or even instability of the system. Therefore, research on fault tolerant control (FTC) has received great attention over the past decades. The purpose of FTC is to let the systems operate in safe conditions and with proper performances whenever plant or its components are healthy or faulted. The existing fault-tolerant control approaches can be broadly classified as active FTC (AFTC) and passive FTC (PFTC) [3] . The active FTC requires a fault detection and diagnosis (FDD) to detect and identify the failures on-line, and a control reconfiguration (CR) to reassignment the controller according to the on-line faultdetection information [4] - [5] . The passive approaches exploit the inherent redundancy of the controlled systems, and design a single controller that is robust against the faults and uncertainties [6] - [11] . And remarkable progress have been made in FTC, such as neural networks (NN) and fuzzy systems approximation based method [4] , FDD-dependent approach [5] , robust adaptive approach [6, 7] , and sliding mode control (SMC) based approach [8, 9] , LMI-based approach [10] , observer based approach [11] , etc.
Our work is motivated by the following three observations. Firstly, the existed AFTC approaches or FDD-dependent approaches are depended heavy online computation. Secondly, the existed FTC approaches including both PFTC and AFTC approaches mostly do not concern the presence of quantization of input and state. Thirdly, the most existed approaches for quantized control are hardly to deal with the problem of actuator failures. The contributions of this work are threefold: (i) some sufficient conditions are proposed in which the FTC exists for non-affine uncertain MIMO systems under consideration. (ii) An adaptive robust FTC for non-affine uncertain MIMO systems is proposed. (iii) A Lyapunov-like approach is adopted in analysis to guarantee the closeloop system is stable and the state error would be ultimately uniformly bounded, subject to model and parameter uncertainties, disturbances, and actuator faults.
The remainder of this paper is organized as follows. Section II formally states the systems of interest and the control problem. Section III proposes an adaptive control scheme for systems with actuator failures, and along with theorems summarizing the theoretical properties of the controller. Section IV shows numerical simulation, which could demonstrate various effects of the proposed control method. Finally, section V gives some concluding comments to the paper.
Problem Statement

Preliminaries
Consider a non-affine uncertain MIMO dynamic system described in the following form: collects all model and parameter uncertainties as well as external disturbance, which is normbounded. Further more, it is normal to assume that the required properties of the existence and uniqueness of solutions of (1) are satisfied. Without loss of generality, 0, 0  xu is assumed to be the equilibrium point of (1) in the presence of 0  F , and any compact neighborhood of origin n U  is to consideration, which could be arbitrarily large. According to the mean value theorem utilized in [12] , F could be rewritten as follows. are both unknown. The control objective is to design an adaptive robust control scheme, such that the system state () t x can be stabled, which means it would asymptotically stable or in a very neighbor of origin.
For the dynamic system under consideration, we would introduce some reasonable assumptions to achieve the control objective.
Under Assumption 1 and 2, the dynamic system (3) can be expressed as follows. 
Assumption 3
For all () t P belonged to allowed fault mode, the controllability of the system still holds, that is equivalent that, , for all
, where () t P is defined in subsection 3. It is noted that, the full-rank factorization of 0 B is not used in the control design, but just for analysis. And in actually, π is a virtual signal which is not need to measured or computed, but just to assist the theoretical analysis.
Remark 1
Remark 3
The existence and uniqueness of the solution of (2) 
Actuation Failures
In this work, actuation failures considered include actuator outage, loss of effectiveness and stuck. Let aij u represents the real signal from the ith actuator that has failed in the jth fault mode. Then, we describe the following fault modes: .Then the sets with above structure can be defined by
For convenience in the following sections, for all possible fault modes L , the following uniform actuator fault mode is exploited:
Pu u (6) where
. It is noted that, under the actuation failures, () a t u instead of () t u should be used in the dynamic system (4).
In order to ensure the fault-tolerant objective under the actuation failures, the Assumption 4 in the FTC design also should be valid.
Control Objectives
The control objective in this paper is as follows.
(i) find some sufficient conditions which could ensure the existence of the FTC for the non-affine uncertain systems with actuation failures and quantization under consideration;
(ii) design a suitable adaptive robust control to compensate both the quantizer effects and actuator faults;
(ii) propose an approach to guarantee the convergence of the proposed adaptive robust FTC.
Control Scheme
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In this section, we would present some results for the non-affine uncertain systems under consideration.
Under the actuation failures in form of (6), the dynamic system (4) can be expressed as
B I H u ξ x . Further, we would introduce a proposition, which is used in the theoretical analysis.
Proposition 1
Consider the error dynamic equation (7) , and H is not symmetry, while 1  is symmetry and non-negative, where , H is not symmetry , and 1  is symmetry and non-negative As 1 ()  P I H P , one could obtain that 1
, where 1  is symmetry and non-negative, and 2  is skew symmetry, which means, for ()
π L I H PL π π LL π π LL π , so that, one could get,
As 1  is symmetry and non-negative, let use 1  in the place of P , and similar to the previous proof, the results may be reached in this case. 
Remark 4
Proposition 1 proposes some critical rules to verify the control direction of the faulttolerant control problem of non-affine uncertain system under consideration. It is noted that, these conditions are sufficient, and the proposition could ensure that the control direction is maintained, if these conditions are satisfied.
According to the definition of π and σ , one could get 
3.1Adaptive Robust FTC Design Under Actuation Failures
Under proposition 1, an adaptive robust fault tolerant control for dynamic system (7) is designed as follows. 
where 1 a , 2 a are some designed parameters, and
   x , and  is a positive scalar that can be arbitrarily small.
Stability Analysis
Theorem 1
Consider the closed-loop adaptive system consisting of dynamic equation (7) with actuation failures, the controller (8), the parameter update law (9) , and under Assumption 1-3, and Proposition 1. The state x could be ensured to stable and ultimately uniformly bounded (UUB), and x could be made small enough by choosing proper 1 k and  . Meanwhile, x could be made sufficiently small by selecting 1 k sufficiently large and  sufficiently small.
Proof
Define Lyapunov function 12 
, where 1 () V x is given in Assumption 1, and 
Note that
, it would got that from (10)- (14).
(15) where
Then, the previous equation could be rewritten as follows. 
Insert (17) 
Illustrative Example
Consider the following non-affine uncertain MIMO dynamic system
, where The health indicators in the inputs could be described as follows. Figure 3 give the profile of the trajectories of 1 x and 2 x , respectively. It can be got that the state would enter a very small neighbor area of origin, and the error is bounded, furthermore, the error are very small. Figure 4 shows the designed input signals, and they are almost smooth. Figure 5 shows the real input signals with failures described as before, it is got that, due to the random failures, the real input would be discontinuous in some times.
Conclusion
This work exploited the control problem for a class of MIMO non-affine uncertain systems with uncertainties, disturbances, actuator failures. An adaptive robust FTC is proposed to compensate all the uncertainties, disturbances, actuator failures, and a Lyapunov-like method is proposed to guarantee that the state would be stable and ultimately uniformly bounded. Finally, a numerical simulation was presented to show the utility of the proposed adaptive robust FTC scheme.
